We demonstrate that inelastic neutron scattering technique can be used to indirectly detect and measure the macroscopic quantum correlations quantified by both entanglement and discord in a quantum magnetic material, VODPO4 · 1 2 D2O. The amount of quantum correlations is obtained by analyzing the neutron scattering data of magnetic excitations in isolated V 4+ spin dimers. Our quantitative analysis shows that the critical temperature of this material can reach as high as Tc = 82.5 K, where quantum entanglement drops to zero. Significantly, quantum discord can even survive at Tc = 300 K and may be used in room temperature quantum devices. Taking into account the spin-orbit (SO) coupling, we also predict theoretically that entanglement can be significantly enhanced and the critical temperature Tc increases with the strength of spin-orbit coupling. 
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I. I. INTRODUCTION
Quantum entanglement has received considerable attention in the field of quantum information science since it can be employed as a resource to perform tasks in quantum cryptography, quantum teleportation and even quantum computation [1] [2] [3] . Although entanglement is responsible for many quantum processes, it is fragile due to the inevitable interaction between a system and its environment, which makes it difficult to be used in quantum techniques [4] . In the past few years, another measure of quantum correlations, quantum discord [5] , has been studied extensively [6] [7] [8] [9] [10] , which quantifies nonclassical correlations in a quantum system including those not captured by entanglement. Non-zero quantum discord in separable mixed states can even be a resource for computational speedup and quantum enhancement [11] . In view of these potential technique applications, the detection and quantification of quantum correlations become vital in the experimental context. Up to now, various criteria and solutions to this problem have been proposed, such as Bell inequalities [12, 13] , entanglement witnesses [14, 15] , measurement of nonlinear properties of a quantum state [16] . The experimental technique used in photon systems [17] was thought to be promising. However, it has been found that the method is limited by the count rates, which makes it incapable of detecting some entangled states generated in the laboratory. Besides, environmental noise is also a significant disturbance in detecting weakly entangled states.
On the other hand, an oxavanadium phosphate com-1 2 H 2 O has attracted intense interests from the experimental chemical community, as well known to be a precursor of industrial catalysts for oxidizing n-butane to maleic anhydride [18] [19] [20] . Besides, in solid state physics, its intriguing magnetic properties have been investigated with different experimental techniques [21] [22] [23] [24] [25] , including NMR, magnetic susceptibility measurements etc., and theoretically analyzed on the basis of ab initio calculations [26, 27] . Each V 4+ exhibits a local spin-1 2 . Several magnetic models have been proposed in the literatures, e.g., the isolated dimer model and the alternating chain model with debatable magnetic interaction scheme and spin exchange coupling strength [28, 29] .
The local spin-1 2 structure implies that this material can be a promising carrier of quantum bits in quantum information processing and its quantumness deserves an overall examination. In this paper, we study carefully the quantum correlations in the spin dimer material VODPO 4 · 1 2 D 2 O, based on the experimental data of its magnetic excitations by using inelastic neutron scattering (INS) [21] . We show that quantum entanglement remains in this material at relatively high temperature T c =82.5 K, which is much higher than that of the previously reported CN [Cu(NO 3 ) 2 2.5D 2 O] (about 5 K) [30] [31] [32] . On the other hand, for quantum discord, the critical temperature can be even higher than 300 K, indicating that discord can be used as a resource for room temperature quantum devices. It is clear that this peculiarity has a great practical implication for quantum information processing.
This paper is arranged as follows. Section II describes the magnetic model for VODPO 4 · 1 2 D 2 O and briefly introduces the method to calculate quantum correlations. Section III is devoted to the relationship between quantum correlations and the inelastic neutron scattering ex-perimental data. We also analyse the behavior of quantum correlations under the influences of temperature T and the spin-orbit interaction, respectively. We conclude in Section IV.
II. II. MODEL AND QUANTUM CORRELATIONS
The nearest-neighbor Heisenberg magnet can be modelled by [33] 
where the sum runs over nearest-neighbor pairs, the exchange coupling constants {J i } are positive for antiferromagnetic and negative for ferromagnetic interactions, and S i is the quantum spin operator for a spin-1/2 ion at site i.
The simplest spin cluster model is the spin dimer shown in Figure 1 , which consists of isolated pair of magnetic ions described by the two-spin Heisenberg Hamiltonian H = JS 1 · S 2 . VOHPO 4 · 1 2 H 2 O has been well described by this spin dimer model, as reported in Refs. [25, 27, 33] , and supported by experiments [21] . Its density matrix in thermal equilibrium is given by [34, 35] 
is the sum of correlations of three orthogonal directions x, y, and z [36] . The isotropy of Heisenberg interaction in spin space results in S
Here, the spin-spin correlation function S 1 · S 2 can be employed as an entanglement witness, because for any product state of a pair of spins the correlation satisfies [30] 
This bound, acting as a quantum-classical boundary in solid-state physics, is thus an entangle-separable boundary. The upper bound is given by the Cauchy-Schwarz inequality |S| ≡ S x 2 + S y 2 + S z 2 ≤ 1/2. Nonlocality is another aspect of quantum correlations, and can be indicated by a measure of violation of Bell inequalities, such as the Clauser-Horne-Shimony-Holt (CHSH) inequality | B | ≤ 2 [37] ,
where N i and N ′ i (i=1,2) denote the operators corresponding to measurements on site i [38] . When | B(ρ) | > 2, the state ρ cannot be described by local realistic theories. For the density matrix ρ(T ), the maximal violation of Bell's inequality is given by | B(ρ) | = 2 √ 2|G|. Now, we come to quantum entanglement and discord. The quantum mutual information between the two spins reads
and the classical correlation is [39]
Therefore, it is straightforward to obtain the quantum discord as D(ρ) = I(ρ) − C(ρ). The pairwise entanglement can be measured by concurrence [40] , defined as
where λ τ (τ = 1, 2, 3, 4) are the eigenvalues of the product matrix R = ρρ in descending order withρ = (σ y ⊗ σ y )ρ(σ y ⊗ σ y ). In our case, the concurrence is
III. III. QUANTUM CORRELATIONS OBTAINED INDIRECTLY FROM INS EXPERIMENT
For magnetically ordered solids, the inelastic neutron scattering is particularly informative. In a magnetically coupled dimer, the total spin S tot is a good quantum number and we can expect a dispersionless single excitation from the S tot = 0 singlet to the excited level (S tot = 1 triplet at ∆E = J), which can be observed by inelastic neutron scattering. In such an experiment, the scattered neutrons are analyzed according to the energy transfer [41] 
where m n is the neutron mass, and k i and k f are the wave numbers of initial and final neutrons, respectively. The momentum transfer Q = (k i − k f ) should be satisfied, where Q is the scattering vector. Assuming that both ground singlet and triplet states can be described by state vectors like |S 1 S 2 SM , where S 1 = S 2 = 1/2 and S is the total spin quantum number of the coupled system, the thermal neutron cross section of a transition |S → |S ′ can be written as [42] 
where Z = exp 
represent the state vectors of the initial and final electronic levels with energies E S and E S ′ , respectively. The δ function may be replaced by a Gaussian line shape, due to line broadening, resulting from the relaxation effects and instrumental resolution. By performing a powder average over the general cross section formula (10) in Q space, the Q dependence of a magnetic transition is given by
where f (x) = sin x/x is a spherical Bessel function, and the interference term 1 − f (QR) represents the separation R of the two magnetic ions forming the dimer pair. Next we describe the main experimental results of Ref. [21] . The VODPO 4 · 1 2 D 2 O has an orthorhombic crystal structure with space group P mmn at T = 10 K, and with lattice parameters a = 7.4102(6)Å, b = 9.5861(8) A, and c = 5.6873(7)Å [43] . It is synthesized from V 2 O 5 , D 3 PO 4 , and D 2 O, and the deuteration is necessary for performing the experiment, since one is interested in the magnetic INS and therefore the nonmagnetic scattering should be minimized by eliminating the H atoms. In addition, the deuteration has no measurable effect on the physical quantity. In the experiment the neutron scattering intensity is measured in the temperature range 10 ≤ T ≤ 200 K as a function of energy transfer E and wave vector transfer Q. By using the method of leastsquares to fit a Gaussian profile with a linearly sloping background, the peak center is extracted at J = 7.81(4) meV, and the next-nearest-neighbor pathway (V-O-P-O-V shown in Figure 2 ) has a V-V separation R = 4.43 (7) A. This value is close to 7.6 meV obtained from the measurement of magnetic susceptibility of
, which satisfies the Bleaney-Bowers formula well with the Landé factor g = 1.99. Figure 3 displays the entanglement witness, concurrence, and quantum discord as a function of temperature in VODPO 4 · 1 2 D 2 O. As expected, the correlations decrease with temperature. It is shown that at low temperature (T ≤ 10 K), both concurrence and quantum discord remain maximal (∼1) and are not affected by temperature, which is associated with the existence of a gap in the energy spectrum of the system. In the region 10 ≤ T ≤ 53 K, concurrence is always greater than the quantum discord, which implies that the quantum discord is not a sum of entanglement and some other nonclassical correlations. In the region T > 53 K, quantum discord decays gradually with temperature, but is still non-vanishing at room temperature. Therefore, it has a significant advantage over quantum entanglement, since the latter decreases quickly and disappears at about 82.5 K where the entanglement witness | S 1 ·S 2 | falls to 0. 25 where D ij is known as the Dzyaloshinski-Moriya vector [45, 46] and here we take D ij = De z . By turning on the SO interaction, it is shown in Figure 4 that quantum entanglement and the critical temperature T c can greatly rise if the parameter D is increased, i.e., larger entanglement can exist at moderately high temperature. This indicates that VODPO 4 · 1 2 D 2 O is superior to many other candidates for quantum information process in solid-state systems, where quantum correlations are required at high temperature (T ≫ 0 K).
However, it is interesting to note that the SO interaction does not make a significant contribution to the quantum correlations for a family of Hamiltonians subject to the transformation [47] 
such that H ′ = W HW † , where θ j , ϑ j , and φ j are independent angles, and the isotropic XY model with
is a good physical example [9] .
IV. IV. CONCLUSIONS
We analyze inelastic neutron scattering experiments and find the presence of macroscopic quantum correlations, quantified by entanglement and quantum discord, in the solid-state system VODPO 4 · 1 2 D 2 O. Our study demonstrates that quantum correlations may play a broad generic role in the macroscopic world, and this low-dimensional magnetic material may be employed for quantum information processing, since that all quantum correlations remain approximately 1 at T = 10 K, and the critical temperature for entanglement death is as high as T c = 82.5 K, in contrast to the materials with nuclear spins [48] , where entanglement can arise only at tenths of a microkelvin. On the other hand, quantum discord, another measure of non-classical correlations, can exist even at room temperature, enabling it a more effective resource for implementing quantum information processing. By introducing the spin-orbit interaction, we can even increase the critical temperature T c significantly. This feature is remarkable, implying that VODPO 4 · 1 2 D 2 O may have practical implications for the study of fundamental issues of quantum mechanics and present promising applications in quantum technologies such as quantum computers.
